The local last glacial maximum in the tropical Andes was earlier and less extensive than previously thought, based on 106 cosmogenic ages (from beryllium-10 dating) from moraines in Peru and Bolivia. Glaciers reached their greatest extent in the last glacial cycle È34,000 years before the present and were retreating by È21,000 years before the present, implying that tropical controls on ice volumes were asynchronous with those in the Northern Hemisphere. Our estimates of snowline depression reflect about half the temperature change indicated by previous widely cited figures, which helps resolve the discrepancy between estimates of terrestrial and marine temperature depression during the last glacial cycle.
It is unclear whether the last glacial maximum (LGM) was a globally synchronous event or whether a local last glacial maximum (LLGM) occurred in the tropics at a different time (1) . This issue has broad implications for our understanding of the forcings that underlie the massive global climate changes associated with glacial cycles, and it underpins all paleoclimate reconstructions for the tropics. An absolute chronology for the last glacial cycle and ice coverage in the tropics is unavailable, largely because of the limitations of radiocarbon dating and the scarcity of datable material in glacial environments above 4000 m above sea level (masl). Existing glacial chronologies for the tropics are based primarily on minimum-limiting radiocarbon dates and relative dating techniques (2) . An absolute chronology would have important implications for paleoclimate reconstructions and the debates over the synchroneity of glaciation in the Northern and Southern Hemispheres (3), the synchroneity of continental and mountain glaciation (4) , the magnitude of tropical climate change at the LGM (5-7), and the relation between sea surface temperatures (SSTs) and temperatures over continental regions (8) . Snowline depression of È1000 m at a presumed LGM age of È21 thousand years before the present (ky B.P.) is often cited as evidence for terrestrial temperatures 5-to 6-C cooler than at present in the tropics (6) . However, the climatic interpretation of snowline depression is complicated (9) , because the timing of glacial coverage in the tropics has been poorly constrained. Here we present an absolute chronology of the LLGM based on cosmogenic dating ( 10 Be) of erratics on moraines in the tropical Andes of Peru and Bolivia.
We selected field areas that allowed direct comparison of our terrestrial glacial chronology to existing lacustrine paleoclimate records from nearby lakes: Lake Junin (11-S, 76-W) in central Peru and Lake Titicaca (16-S, 69-W) on the Peruvian-Bolivian Altiplano (Fig. 1) . Both lakes predate the last glacial-interglacial transition and have provided valuable paleoclimate proxy records in the form of sediment cores (10) (11) (12) (13) (14) . Lake Junin and Lake Titicaca lie on high plateaus (93800 masl) between the eastern and western cordillera of the Andes and receive moisture predominantly from easterly winds crossing the Amazon Basin during the austral summer (15) . We dated moraines in four valleys in the eastern cordillera bordering Lake Junin and in Milluni and Zongo Valleys in the Cordillera Real, approximately 35 km east of Lake Titicaca (fig. S1 and supporting online text). We used the concentration of cosmogenic 10 Be to determine the exposure ages of boulders on moraines in the study areas (Table 1 and table S1 ) (16, 17) . Analytical uncertainties on the entire set of exposure ages average 3.0 T 1.5% (17) . We assigned dated moraines to one of four moraine groups (A to D) based on an assessment of the position of the moraine within the valley, the geomorphic character of the moraine, and the exposure ages obtained from the moraine.
In the Junin valleys ( Fig. 2A and fig. S1 , A to D), 146 10 Be exposure ages clearly distinguish moraines deposited late in the last glacial cycle from moraines that are considerably older (Fig. 3) . Exposure ages of boulders on LLGM moraines are typically 34 to 22 ky B.P.; ages on older moraines generally predate the last glacial cycle (965 ky B.P.) and in many cases are dated 9200 ky B.P. (18) . In the west-facing valleys, the LLGM moraine is the lower of two end moraines that are located midway downvalley; a younger (È20 to 16 ky B.P.) moraine typically dams a lake (or paleolake) 1 to 2 km upvalley from the LLGM ice limit.
In the Cordillera Real ( Fig. 2B and fig. S1 , E and F), all 42 of the 10 Be exposure ages fall within the last glacial cycle (table S1). In Milluni Valley, exposure ages on two sharp-crested parallel lateral moraines sampled at È4500 to 4600 masl lie between 34 and 23 ky B.P. (with two younger outliers). Exposure ages on a recessional moraine at È4650 masl are late glacial to early Holocene (18 to 9 ky B.P.). All exposure ages from Zongo Valley, even those from the lateral moraines at 3400 to 3500 masl, are late glacial (G20 ka) or younger (19) .
The pattern of LLGM moraine ages in the Junin region is consistent from valley to valley, whereas the pattern in the Cordillera Real is not. Exposure ages in the Junin region suggest that glaciers reached their maximum extent of the last glacial cycle as early as È34 ky B.P. Recession was under way by È21 ky B.P., followed by stillstand or readvance between È16 and 20 ky B.P. In Milluni Valley, the maximum extent of ice during the last glacial cycle occurred È34 to 23 ky B.P., with subsequent recession and several stillstands or readvances (20) . In Zongo Valley, however, late-glacial ice extended downvalley more than 1 km lower in altitude than ice of similar age in Milluni Valley. We have not yet identified a moraine older than 20 ky B.P. in Zongo Valley. If the LLGM terminus descended past 3400 masl to È3000 masl, as seems likely from geomorphic evidence, M[ller_s (21) estimate of È4100 to 4200 masl for the LLGM limit was too high by at least 700 m and perhaps by more than 1 km.
Our glacial chronology is consistent with the paleoclimate proxy records from Lake Junin and Lake Titicaca. Seltzer et al. (10, 11) used magnetic susceptibility (MS) and stratigraphic records to bracket the LLGM between È30 ky B.P. and È21 ky B.P. in a sediment core from Lake Junin with a basal age of È40 14 C ky B.P. (radiocarbon years before the present). MS in Lake Junin sediments was elevated (relative to Holocene and late-glacial levels) even before 30 ky B.P., including sharp increases È37 to 35 and È33 ky B.P. (10, 11) . Seltzer et al. (10) identified the glacial-interglacial transition with a dramatic drop in MS È21 ky B.P. and the onset of full deglaciation with the increase in organic carbon È16 ky B.P. Our record from the Junin valleys suggests maximum ice extent È34 to 22 ky B.P., ice retreat from the terminal moraine by 21 ky B.P., formation of a second end moraine upvalley between È20 and 16 ky B.P., and steady retreat after È15 ky B.P. Lake Titicaca sediment cores indicate a wet glacial period and the onset of deglaciation È24 to 19 ky B.P. The LGM and late-glacial period (until È15 ky B.P.) on the Altiplano were wet (12, 13) and lake levels were high (14) . Temperature decreased by È5-C from 27.5 to 21 ky B.P. and warming began È21 ky B.P. (14) . Seltzer et al. (11) identified the glacial-interglacial transition with decreases in MS and sedimentation rates È24 and È19.5 ky B.P., respectively, in two sediment cores from Lake Titicaca that show elevated MS before the transition. Our glacial chronology shows maximum ice extent in Milluni Valley È34 to 23 ky B.P. and construction of a recessional moraine (È10 km upvalley and È50 m higher in altitude) by 18 ky B.P. Exposure ages suggest that ice remained in Zongo Valley almost into the Holocene.
We estimate that equilibrium-line altitude (ELA) depression at the LLGM was 300 to 600 m in the Junin valleys and Milluni Valley and 800 to 1000 m in Zongo Valley ( fig. S2 ). Even with uncertainty of T100 m, our estimates of LLGM ELA depression for the Junin valleys and Milluni Valley are about half of published estimates of 900 to 1000 m for the tropical Andes (6, 7) . We can use the position of LLGM moraines to constrain paleoclimatic change at the time of moraine deposition. If we assume that the change in ELA (DELA) was entirely a function of a change in temperature (DT), we estimate a DT of -2-to -4-C in the Junin valleys and Milluni Valley at the LLGM Eusing a moist adiabatic lapse rate of 6-C/km (7)^. Recent estimates put the LLGM temperature depression in the tropical Andes and Amazon Basin at È5-C (14, 22) and the change in SST in the eastern equatorial Pacific at -2.8-T 0.7-C (23) . If the Junin and Milluni estimates of DELA accurately reflect the DT at the LLGM, as these recent DT estimates suggest, then we can infer that the Zongo Valley glacier was anomalously long. Table 1 . Exposure ages ( 10 Be) for moraine groups A to C deposited during the last glacial cycle (17) . Statistical data are shown for sample ages excluding outliers (I) and for all sample ages (II). As used here, the term ''outliers'' refers to exposure ages greater than 2 standard deviations (SD) from the mean age of the moraine group. fig. S1 . (26) and/or the positive feedback set up by ice advancing into a steep, positive precipitation gradient. Thus, our findings sound a note of caution for the use of generalized ELA estimates in paleoclimate reconstructions for areas of complex topography such as the Andes.
We propose that a shifting balance between temperature and precipitation changes promoted glacier development and expansion early in the last glacial cycle and that warming initiated deglaciation È21 ky B.P. The SST record from the Cocos Ridge in the eastern equatorial Pacific (Fig. 3) shows overall lower SSTs from È70 to 12 ky B.P., with sharp decreases at È68 to 65 ky B.P., È38 ky B.P., È30 to 25 ky B.P., and È22 to 16 ky B.P. (23) . Published moisture records suggest that the last glacial cycle was wetter than the present (27, 28) . A moisture record for the Salar de Uyuni (È20-S) on the southern Bolivian Altiplano (27) indicates a dry period from È67 to 61 ky B.P., followed by wetter conditions with periods of perennial lakes from È60 to 15 ky B.P., and finally dry conditions from È15 ky B.P. to the present. Ice may have begun to accumulate in the highest areas as soon as precipitation increased at È60 ky B.P. and then expanded after the sharp SST cooling at È38 ky B.P. (23) . With increased precipitation and persistent cool temperatures, glaciers in the highest areas reached their maxima at È34 ky B.P., while ice began to accumulate and/or expand in the broader Junin valleys with lower headwalls. Glaciers retreated behind their end moraines at È22 to 21 ky B.P. in response to warming. Glaciers stabilized at their new positions for È5000 years, from È20 to 16 ky B.P.; the resulting recessional moraines dam lakes (or paleolakes) in the west-facing Junin valleys ( fig. S1 ). The scarcity of younger moraines upvalley from these lakes indicates that the subsequent and final deglaciation was steady, leaving the basins relatively free of fluvioglacial deposits and till. Decreasing precipitation (driven by the precession cycle) and further warming after È15 ky B.P. made this last deglaciation a rapid one. However, in steep and deep valleys on the eastern side of the eastern cordillera, such as Zongo Valley, deglaciation proceeded differently. There, the combination of sheer valley walls that shaded the glacier; rockfall and erosional debris that insulated the ice; and orographically controlled precipitation that supplied the accumulation area maintained the glacier terminus at an altitude more than 1 km lower than those of contemporaneous termini of paleoglaciers on the western side ( fig. S1 ).
Our results indicate that the LLGM in the tropical Andes began È34 ky B.P., thus preceding by as much as È10 to 12 ky B.P. the maximum continental ice volume of the last glacial cycle as inferred from the marine oxygen isotope record (29) . We estimate that ELA depression was typically about half the widely cited value of È900 to 1000 m, except where local factors enhanced glacier size. The close agreement between our 10 Be-derived chronology and paleoclimate proxy records from nearby lakes shows that these tropical mountain glaciers are sensitive indicators of tropical climate that integrate a combination of climatic variables into a seemingly simple signal. The mountain glaciers of the tropical Andes apparently reached their maximum extent of the last glacial cycle before the continental ice sheets (Fig. 3) (29) . Records of mountain glaciations from some other midand high-latitude regions have shown similar divergence from global ice volume records (29) (30) (31) , thus reflecting a complex mosaic of regional climatic patterns during the last glacial cycle.
The asynchroneity in timing of the LLGM in the tropics and ice extent in the Northern Hemisphere implies that the climate-forcing mechanisms were decoupled at some level during the last glacial cycle. This, in turn, challenges conclusions about interhemispheric teleconnections that are based on the assumption that the LGM was globally synchronous (3) and that the magnitude of mountain snowline depression was uniform everywhere. Fig. 3 . Exposure ages and paleoclimate proxy records for 0 to 40 ky B.P. The top three panels are histograms and probability density (PD) curves (32) showing age distributions for cosmogenic 10 Be exposure ages in moraine groups C, B, and A, respectively, from the top down; n refers to the number of samples included in the histogram and PD curves. Analytical uncertainties on exposure ages average 3.8 T 1.4% for moraine groups A, B, and C combined (moraine group D is omitted). Two exposure ages 940 ky B.P. have been omitted from the histogram for moraine group C (see table S1 ). The bottom panel shows borehole gamma radiation readings [in counts per second (cps)] from the Salar de Uyuni, Bolivia [outer left y axis, black curve (27) ], SSTs at the Cocos Ridge reconstructed from Mg/Ca ratios in foraminifer shells from core TR163-19 [inner left y axis, blue curve (23) We report on the experimental observation of spontaneously nucleated ruptures occurring on frictionally held bimaterial interfaces with small amounts of wave speed mismatch. Rupture is always found to be asymmetric bilateral. In one direction, rupture always propagates at the generalized Rayleigh wave speed, whereas in the opposite direction it is subshear or it transitions to supershear. The lack of a preferred rupture direction and the conditions leading to supershear are discussed in relation to existing theory and to the earthquake sequence in Parkfield, California, and in North Anatolia.
There is evidence for supershear rupture propagation during earthquakes (1) (2) (3) (4) (5) (6) , and the link between large earthquakes and the conditions leading to supershear has been established experimentally (7) . Although many of the physical aspects of dynamic rupture (including supershear) are recently becoming clearer in relation to homogeneous faults (i.e., faults separating the same material) (7) (8) (9) (10) (11) (12) (13) , the behavior of spontaneously nucleated ruptures in inhomogeneous faults (i.e., separating materials with different wave speeds) is still experimentally unexplored except in (14) . Because many large earthquakes rupture on faults separating rock masses with different wave speeds, the mechanics of sliding in bimaterial systems is relevant to seismology. Specifically, the questions of whether a preferred rupture direction exists (11), whether a unilateral or bilateral faulting dominates (15) , and what the condition is for supershear rupture propagation are particularly relevant to fault dynamics. These questions are also relevant to hazard potentials of large earthquakes, because directionality and rupture speed control near-field ground motions.
According to analysis and numerics, there are two types of such steady, self-sustained pulses (16, 17) . One type corresponds to rupture growth in the direction of slip in the lower wave speed material of the system, and this direction is referred to as the positive direction (10, 11) . The rupture pulses belonging to this type are subshear and always propagate with a steady velocity V 0 þC GR , the generalized Rayleigh (GR) wave speed of the system. In this work, we refer to such ruptures as positive GR ruptures and abbreviate them as þGR ruptures. The second type of self-sustained ruptures corresponds to propagation in the negative direction opposite to þGR ruptures (17, 18) . Such pulses are supershear and always propagate with a steady velocity that is slightly lower than the P-wave speed of the material with the lower wave speed (V 0 jC 2 P ). In the present paper, we will abbreviate such ruptures as jP SLOW ruptures.
Our experiments examined the effect of material contrast on the rupture growth of spontaneously nucleated dynamic ruptures hosted by inhomogeneous, frictional interfaces. These interfaces are held together by static, far-field pressure-shear simulating natural tectonic loads. The experiments mimic natural earthquakes where bimaterial contrast between intact rock masses seldom exceeds 30% in shear wave speeds (10) . The experimental setup is similar to that used in our previous study of rupture in homogeneous interfaces (7) . This configuration has proven effective in producing accurate, full-field, and real-time information of generic rupture characteristics that can ultimately be related to the rupture behavior of natural fault systems.
A Homalite-100 EHomalite (Division of BIG, Incorporated), Wilmington, DE^plate (material 1, top) and a polycarbonate plate (material 2, bottom) are held together by farfield load, P (Fig. 1) . The ratio of shear wave speeds in the materials, C 1 S /C 2 S 0 1.25, is chosen to be at the high end of the naturally occurring bimaterial range so that the interfacial phenomena of interest are observable in the experiments. The shear wave speeds (Fig.  1 ) are directly measured for each material by following the shear wave fronts with the use of high-speed photography and photoelasticity. Photoelasticity, being sensitive to maximum shear stress fields, is perfectly suited for measuring shear wave speeds and for scrutinizing shear-dominated rupture processes in brittle, transparent, and birefringent solids (7). The Pwave speeds were calculated by using measured values of Poisson_s ratios (n 1 0 0.35, n 2 0 0.38) and by using the directly measured shear wave speeds. Plain strain values were used, because we are interested in processes that take place at short wavelengths near the front of the rupture. An independent measurement of the longitudinal wave (P wave) speeds in the plates using ultrasonic transducers has confirmed these calculated values to within 5%. GR waves for this bimaterial pair exist, and their speed is calculated to be C GR 0 959 m/s, a value which is close to the shear wave speed of polycarbonate.
The dynamic rupture is triggered by means of an exploding wire mechanism, which simulates a localized pressure release at the desired location of the simulated hypocenter (7). About 32 experiments featuring different angles, a (20-, 22.5-, and 25-), and far-field loading P (10, 13, and 18 MPa) were performed, and the rupture events were repeatedly visualized in intervals of 3 ms by a digital high-speed camera system used in conjunction with dynamic photoelasticity (7). 
